The division of viruses into orders, families, genera and species provides a classification framework that seeks to organize and make sense of the diversity of viruses infecting animals, plants and bacteria. Classifications are based on similarities in genome structure and organization, the presence of homologous genes and sequence motifs and at lower levels such as species, host range, nucleotide and antigenic relatedness and epidemiology. Classification below the level of family must also be consistent with phylogeny and virus evolutionary histories. Recently developed methods such as PASC, DEMaRC and NVR offer alternative strategies for genus and species assignments that are based purely on degrees of divergence between genome sequences. They offer the possibility of automating classification of the vast number of novel virus sequences being generated by next-generation metagenomic sequencing. However, distance-based methods struggle to deal with the complex evolutionary history of virus genomes that are shuffled by recombination and reassortment, and where taxonomic lineages evolve at different rates. In biological terms, classifications based on sequence distances alone are also arbitrary whereas the current system of virus taxonomy is of utility precisely because it is primarily based upon phenotypic characteristics. However, a separate system is clearly needed by which virus variants that lack biological information might be incorporated into the ICTV classification even if based solely on sequence relationships to existing taxa. For these, simplified taxonomic proposals and naming conventions represent a practical way to expand the existing virus classification and catalogue our rapidly increasing knowledge of virus diversity.
Virus Classification
The classification of viruses since its inception in the 1960s has been largely based on principles used for other forms of life, but using a more restricted hierarchical system of virus orders, families, subfamilies, genera and species. Over a period of 40 years, the International Committee for the Taxonomy of Viruses (ICTV) has been able to classify almost all known viruses into a current total of 103 families, 455 genera and 2827 species (http://ictvonline.org/virusTaxInfo. asp). Some families have also been grouped into orders based on similarities in genome and virion structure and limited regions of homology in replication proteins. For example, the order Picornavirales unites five virus families infecting vertebrates, plants and arthropods that possess conserved replication elements, genome organization and structure (Le Gall et al., 2008) .
The current hierarchy of order, family, subfamily, genus and species used to classify viruses matches their evolutionary histories (as far as can be reconstructed) but with the crucial difference that viruses cannot usually be classified above the level of family. There are, consequently, no counterparts of higher classification levels of classes, phyla, kingdoms or domains. Viruses are simply too divergent in sequence, morphology and host range for their deeper evolutionary histories to be recovered, at least with existing tools. Furthermore, viruses are likely to have more than one origin. Large DNA viruses may ultimately have originated from parasitic bacteria or primitive eukaryotes (Forterre, 2010; Lwoff, 1959; Yamada, 2011) , retroviruses may derive from mobile elements in vertebrate cells (Doolittle & Feng, 1992; Temin, 1970) while viruses with RNA genomes may be descendant of a proposed primordial RNA-only form of life preceding the appearance of prokaryotes, archaea and eukaryotes (Gilbert, 1986; Illangasekare et al., 1995) . In addition, it is increasingly clear that even small RNA and DNA viruses are composites of replication and structural gene modules and that major reorganization of these blocks has occurred frequently in their evolutionary histories, often associated with changes in host range. A consequence of this genomic plasticity is that different genome regions may have different origins; the finding that capsid proteins of many RNA and small DNA viruses are structurally homologous suggests an evolutionary history for structural genes that is entirely distinct from non-structural gene regions of RNA viruses (Koonin & Dolja, 2014) .
Despite these complications, the classification of viruses has proven invaluable as a means to categorize the bewildering diversity of viruses. It unites those with similar attributes and has provided an effective framework for studies of virus evolution, epidemiology, pathogenicity and emergence. Orders and families are typically assigned by virus morphology, genome composition (DNA/RNA), orientation (+/2 sense), segmentation, gene sets and replication strategies. The further subdivision of families into genera generally segregates viruses into those possessing the same complement of homologous genes.
Because of the congruence with evolutionary histories, taxon assignments are often recapitulated in virus nucleotide or amino acid sequence relationships. For example, the pattern of clustering observed from analysis of a highly conserved region of the NS1 gene in the family Parvoviridae closely matches their phenotypic characteristics (Cotmore et al., 2014) . The separate subfamilies of parvoviruses infecting vertebrates and insects cluster into separate clades (Fig. 1) ; within the Parvovirinae subfamily, viruses assigned into different genera based on host range, genome organization and disease associations (Cotmore et al., 2014) are consistently phylogenetically distinct (Fig. 1) .
The lowest level of classification considered by the ICTV is species, defined as:
'... a monophyletic group of viruses whose properties can be distinguished from those of other species by multiple criteria.... These criteria may include, but are not limited to, natural and experimental host range, cell and tissue tropism, pathogenicity, vector specificity, antigenicity, and the degree of relatedness of their genomes or genes'.
While species must therefore be monophyletic, the degree of sequence divergence between species can vary greatly between virus families and genera. For example, different species within the genus Hantavirus show 10-24 % divergence in the S segment and 13-32 % in the M segment. In contrast, species of Picornavirus differ by 30-42 % from each other (Knowles et al., 2010) while those of the genus Mitovirus in the yeast virus family Narnaviridae show 64-82 % divergence and can barely be aligned. In all three examples, several other criteria are used to support species and genus assignments including, in the latter two cases, an ability to recombine. Phylogenetic analysis of virus genome sequences or of subgenomic regions that can be aligned between members of more divergent genera and families provides the best tool for reconstructing virus evolutionary histories and is therefore essential for the essentially Linnaean classification of viruses below the family taxon level. Thus, although many phenotypic attributes of viruses contribute to virus classification, the hierarchy of order, family, subfamily, genus and species must be supported by the underlying phylogeny of homologous genome regions. In other words, each taxon must be phylogenetically distinct from variants at the same classification level.
This modus operandi for virus classification has been challenged by recent technological developments. The ease with which virus genomes can be sequenced, particularly from environmental sampling, creates large sequence datasets of viral metagenomic sequences that cannot readily be classified using conventional criteria since these are based on phenotypic properties, such as host range, pathology, tissue tropism and virion structure, as well as genetic relationships. Classification based on sequence comparisons alone represents a pragmatic solution to the problem of classifying metagenomic sequences but is a significant departure from current methods for classifying viruses.
It has further been proposed that given the vast number of new sequences being generated, the process of sequence comparison could be automated, thus avoiding the need for steps such as manual alignment and selection of appropriate genome regions for sequence comparison. As examples, the program Pairwise Sequence Comparison (PASC) (Bao et al., 2014) provides a web-based interface with which to rapidly visualize pairwise distances between automatically aligned sets of sequences. The authors suggest that discontinuities in the distribution of pairwise distances should be used to establish taxon (family, genus, species) assignment thresholds. These would then be used to automatically classify viruses as new sequences are generated. A more sophisticated program, DEmARC (Lauber & Gorbalenya, 2012a) , performs a similar analysis but uses more systematic algorithms to identify taxonomically significant discontinuities in distance distributions, takes into account variation in divergence over virus genomes and excludes non-alignable regions. A third method, Natural Vector Representation (NVR) (Yu et al., 2013 ) computes a unique 12-dimensional representation of a virus sequence and records closest vector distances to other viruses.
Although perhaps regarded by some as mere bioinformatic tools, these developments and associated proposals raise several fundamental issues about how viruses are classified, how metagenomic sequence data can be incorporated into the existing ICTV classification scheme and, indeed, whether distance-based methods do actually produce classifications that are congruent with the combined phenotypic and evolutionary approaches currently used. These issues are discussed in the remainder of the review.
Is a distance-based virus classification possible?
PASC, DEmARC and NVR methods can provide useful representations of sequence distances and relationships between viral genomes. However, there are several situations where distance relationships are incongruent with underlying evolutionary histories of viruses and with classifications that incorporate biological attributes for taxon assignments. Sequence distances may be distorted by the handling of divergent, recombinant and irregularly sampled datasets and the inclusion of non-homologous sequences in computations of pairwise distances. 
Virus taxonomy primarily derives from biology
The current classification of viruses into families, genera and species is primarily based on criteria that categorize viruses in biologically meaningful ways. This provides a framework for investigating virus epidemiology, pathology and evolution, aspects of virus biology that are influenced by genetic variability. In contrast, distance-based methods such as PASC and DEmARC rely solely on discontinuities in distributions of pairwise distances while NVR identifies jumps in vector distances (NVR) to identify taxonomic categories. While pairwise or vector distances may correlate with taxon boundaries, establishing taxa on the basis of pairwise distance distributions in an unclassified set of sequences is very much a case of the 'tail wagging the dog' and provides no guarantee that the proposed divisions are biologically meaningful or useful.
This limitation is repeatedly encountered in published applications of both methods. For example, DEmARC was used for classifying members of the Filoviridae, including a newly discovered Ebola-like virus, Lloviu virus (LLoV; Lauber & Gorbalenya, 2012c) . However, in the absence of biological or epidemiological data on members of this group, the authors concluded:
We find in total six candidate taxon levels two of which correspond to the species and genus ranks of the family. ... DEmARC lends the highest possible support for these two as well as the four other levels, implying that the actual number of valid taxon levels remains uncertain and the choice of levels for filovirus species and genera is arbitrary.
An attempt to use PASC for filovirus classification was inconclusive for the same reasons (Bao et al., 2012) . Instead, a proposal to the ICTV to assign LLoV to a newly created genus, Cuevavirus (Kuhn et al., 2010) , used additional distinguishing characteristics (host and geographical range, number of mRNAs, glycoprotein expression strategy, unique transcription initiation signals) to support and justify the proposed genus assignment.
Existing taxonomic categories have variable divergence thresholds
An assumption of PASC and DEmARC analyses is that classification thresholds for genera and species are the same between different evolutionary lineages within a family. Thus, if 20 % divergence were the threshold for species assignment in one genus then it would also be the threshold for other genera in the family. However, in many virus families, uniform threshold definitions cannot be applied. For example, the four currently classified species within the Pestivirus genus of the virus family Flaviviridae show mean divergence values of 25 % (range 19-29 %) between amino acid sequences of part of the NS5 gene (Fig. 2a) . In contrast, distances between classified species in the same genome region of the Hepacivirus virus average 58 % (range 57-60 %). Indeed, inter-species distances amongst pestiviruses are very similar to distances between the seven major genotypes within the species Hepatitis C virus (25 %, range 21-28 %). Even more problematic for distance-based classification is the current assignment of 53 species in the Flavivirus genus. These show a wide range of pairwise distances (range 6-43 %, mean 33 %), with no clear divide between within-and between-species pairwise distances.
For members of the Flavivirus genus, there is therefore no family-wide divergence threshold that defines currently accepted species. Instead, species definitions derive from comparisons of virus host range (vector, mammal), ecology and geographical range (Gould & Solomon, 2008 ) that would be disrupted if a single divergence threshold was imposed. The same problem arises for many other virus families, for example with different species and genusspecific thresholds between the Begamovirus and Curtovirus genera in the Geminiviridae, and between the Bocaparvovirus and Dependovirus genera in the Parvoviridae.
NVR suffers from a more fundamental problem in this regard since its computation of vector distances to nearest neighbours precludes a hierarchical classification below the top taxonomic layer in the dataset. For example, NVR analysis of sequence relationships in the Flaviviridae (Fig. 5 of Yu et al., 2013 ) shows clustering at the genus level (Hepacivirus, Pestivirus and Flavivirus) but fails to represent species and genotype radiations below this level. This analysis also misinterprets the star-like phylogeny of genera in this family as a series of sequential relationships with pestiviruses linked to flaviviruses and in turn to GBV-B, hepaciviruses and finally two unlabelled Pegivirus sequences.
Virus genomes are not necessarily collinear
Viruses belonging to different genera within a virus family usually encode homologous genes for conserved replication function and structural proteins. However, different members of most families also encode genes that are either non-homologous or are so greatly divergent that they cannot be meaningfully aligned. As a result, pairwise identities are driven in part by similarities in nucleotide and dinucleotide frequencies or by constraints on the composition of proteins rather than evolutionary relatedness. Such arbitrarily aligned regions will contribute meaningless values to the whole genome distances and so distort intrafamily assignment thresholds.
As an example, the ORF1 genes of the Anelloviridae are clearly homologous and can be defensibly aligned in some regions. However, other coding sequences are expressed from a variety of differently spliced mRNAs and contain sequences that are not identifiably related to each other in different genera (Biagini, 2009) . A family-wide alignment of annellovirus genomes is therefore impossible. Similar comments apply to other small DNA virus families such as AF513851  AF513852  AF028704  AF063497  AY631966  AY631965  AX753250  EU285562  U89790  AF028705  DQ813647  AF043303  AY695376  AF085716  DQ335246  AY388617  JN420372  GU226971  AY186198  U25749  U22967  JF926695  AY349010  GQ200736  AF406967  U26342  AF221122  AF221123  AY386330  M24682  M13178  AJ249437  AY064475  AY044266  AY083234  GU938300  JQ037753  EU874248  AY622943  DQ873391  HQ113143  EU200669  JF504697  JF504699  EU200677  JX027296  JX027295  JX027297  U44978  L23427  M19296  D00765  JN867610  EU659111  AF321230  AF332882  X01457  AF036710  M81888  U34255  FJ440683  U12469  FJ441297  DQ196319  DQ196317  U34256  M12032  J02275  AF406966  GQ387499  GU214704  GU214706  DQ335247  JF429834  JF429836  JF429835  JN648103  JN420365  JN420361  JN420366  JQ692585  FJ214110  HQ291309  HM053693  HM053694  HQ223038  HQ291308  EU918736  JQ923422  HM145750  FJ973558  FJ973560  FJ170278  FJ973561  JN202450  JN040434  JX645046  S47266  AF036333  L32896  AY461507  JQ894784  FJ810126  AF192260  AY189948  AY665654  HQ613271  JX110122  JX020762  AY033435  AF375296  AY032882  HQ827781  EU247528  EU588991  DQ458781  JN082231  AY008257  FJ410797  DQ002873  AF273215  GQ475529  GQ411199  PAY124937  AY310877  AY605055  X74945  M37899  AY095351  EU233812  EF579756  FJ360744   94 the Parvoviridae, where some densoviruses have NS1 in a reverse orientation, and to the Circoviridae, in which circoviruses possess a non-coding region containing the putative origin of replication in the opposite orientation relative to rep and cap genes to the homologous region in cycloviruses (Rosario et al., 2012) . Large DNA viruses such as the Herpesviridae and Poxviridae also show evidence for large-scale genome rearrangements, with different genera often encoding quite different gene complements. Among RNA viruses, gene numbers and expression strategies can vary considerably within the families Coronaviridae, Arteriviridae, Picornaviridae, Orthomyxoviridae and Bunyaviridae. In the latter example, the short and middle segments of tospoviruses encode additional genes orientated in the opposite direction to the N protein (Plyusnin et al., 2010) . Different genera of Picornaviridae often possess non-homologous 2A proteins and 59 untranslated regions (59UTRs) that contain structurally distinct internal ribosomal entry sites (IRESs; Knowles et al., 2010) . Similarly, different genera of orthomyxoviruses possess different numbers of segments and considerable variability in the location and expression of non-structural genes (McCauley et al., 2010) . These considerations mean that what constitutes a meaningful comparison between virus genomes differs between and within virus families.
In order to address this problem, a modified version of PASC uses a process of automated BLAST alignment to identify regions with significant sequence similarity, while DEmARC only computes pairwise distances from aligned regions above a pre-defined quality score. Nevertheless, the resulting distribution of pairwise distances may include values derived from different genomic regions and sequence lengths. Distances between very similar viruses might be computed from whole-genome alignments, while those between highly divergent genera could be based on only short motifs. For example, inter-genus comparisons for many RNA virus families would be based on comparisons only within replication genes such as the helicases and RNAdependent RNA polymerases. Combining pairwise distances based on different regions into a single distribution may provide an intrinsically skewed impression of sequence relationships within a virus family.
Virus genomes do not have a single evolutionary history
Even for viruses that that are clearly homologous across the lengths of their genomes, computation of a single pairwise or vector distance makes the tacit assumption that the evolutionary histories of different parts of their genomes are the same. This is not the case for many large DNA virus families where genome rearrangements and gene acquisition common, but also for most RNA virus families. The following examples are drawn from just one virus family, the Picornaviridae, in which recombination is documented among viruses at all classification levels. However, as reviewed (Simon-Loriere & Holmes, 2011), such phenomena are widespread throughout many families of RNA viruses infecting animals and plants.
At the species level, enteroviruses (EVs) infecting humans show a remarkable propensity for recombination between serotypes within several species in the genus Enterovirus (Lukashev, 2005; Santti et al., 1999; Simmonds & Welch, 2006) . Almost all serotypes within species EV-A, EV-B and EV-C possess a single (EV-B) or a limited number (EV-A, -C) of non-structural gene blocks that show minimal sequence divergence, and these do not associate with individual serotypes as any genetic linkages are regularly broken by recombination events. In contrast, the human rhinoviruses, classified into three further species in the Enterovirus genus, show high degrees of sequence divergence in both structural and non-structural gene regions and very rare occurrences of inter-serotype recombination (Fig. 3) (McIntyre et al., 2013) .
These distinct recombination patterns between enteroviruses and rhinoviruses lead to distinct profiles of sequence divergence across their genomes (Fig. 3a) . In the structural gene region, amino acid divergences within enterovirus species are similar to those of rhinoviruses (26-29 % and 19-28 % for EV and HRV, respectively; Table 1 ). In contrast, non-structural gene regions are minimally divergent in enteroviruses (mean 3-4 %) while distances in the corresponding region of rhinoviruses, which does not undergo significant recombination, are much larger and comparable to those of structural genes (18-28 %). This difference contributed substantially to discrepancies noted in the distributions of pairwise distances within and between whole-genome sequences (i.e. structural and non-structural genes combined) between enterovirus and rhinovirus species in a recent analysis by DEmARC (Lauber & Gorbalenya, 2012a, b) . The authors proposed that species A and C rhinoviruses should be further divided into two and three separate species, respectively, because of their greater overall divergence. It would, however, be more logical to recognize that pairwise distances across complete genome sequences of enteroviruses is distorted by recombination and that classification should be based on regions not affected by this phenomenon. There were indeed similar degrees of divergence of structural gene sequences between members of different enterovirus and rhinovirus species ( Table 1) . The grouping of these and other members of the Enterovirus genus into clearly monophyletic groups on analysis of the non-recombinant structural gene region, P1 (Fig. 3b ) further justifies the current species classification in this genus.
Another instance where recombination precludes classification based on whole-genome sequences is provided by the simian-derived enteroviruses. Most enteroviruses from Old World monkey species have structural gene sequences that are similar to those of EV-A species infecting humans, whereas non-structural genes are closely similar to EV-B (Fig. 4 of Van Nguyen et al., 2014) . Whole-genome comparisons create pairwise distances between simian and human EVs that span the 30 % divergence threshold currently used for EV species assignments (Knowles et al., 2010) . The mosaic nature of simian enteroviruses has considerably hindered their classification using existing criteria.
As a final example from this virus family, it has long been recognized that 59UTRs of different genera of Picornaviridae contain IRES elements that are structurally distinct (type I-IV), but their distribution in the 26 currently classified genera does not follow the phylogeny of the virus family. For example, the type IV IRES is found in members of the otherwise unrelated Avihepatovirus, Cosavirus, Sapelovirus and Teschovirus genera, while the type II IRES is found in Parechovirus, Hunnivirus and Rosavirus genera.
That different genome regions may have different evolutionary histories creates a particular problem with segmented viruses in which reassortment is frequent. For example, an extension of NVR that computes vector distances between whole genomes of multi-segmented viruses creates discrepancies between phylogenetic and NVR relationships of H7N9 serotype isolates of influenza A virus. These originate entirely from the attempt to generate composite trees and vector distances from variants with reassorted segments (Huang et al., 2014) . Clearly, distance comparisons over entire virus genomes that are subject to recombination or reassortment are likely to be misleading. Instead, a pragmatic decision has to be made over which subgenomic region is to be used for classification. As examples, evolutionary relationships between members of the order Picornavirales are identifiable only in conserved regions of the polymerase and helicase genes, while other non-structural and capsid encoding genes are frequently independently acquired and have entirely different evolutionary histories (Le Gall et al., 2008) . As a converse example, the three genera in the family Luteoviridae possess homologous capsid genes while the replication proteins encoded by ORFs 1 and 2 of the Luteovirus genus are related to those of Tombusviridae, and those of the Polerovirus and Enamovirus genera have been acquired independently from sobemoviruses (Stuart et al., 2006) . In neither example would comparison of complete genome sequences be appropriate for taxonomic assignments.
Sequence distances do not increase linearly over time
Evolutionary biology has developed effective ways to use nucleotide and amino acid sequence information to reconstruct evolutionary histories by correcting for multiple substitutions and differing constraints on sequence change at different sites. However, both PASC and NVR use simple uncorrected distances and this has the effect of compressing and concealing deeper evolutionary histories of virus groups. In PASC, the degree of sequence divergence is additionally determined by the quality of the alignment between two sequences, specifically the ability of the algorithm used to correctly align homologous bases or amino acids. The dependence of PASC on BLAST for this purpose is problematic as its underlying algorithm lacks the evolutionary modelling required to correctly identify and align homologous sites. This increasingly distorts divergence values calculated for comparisons of more divergent sequences whose alignment is increasingly arbitrary and where substitution frequencies are underestimated. 
Classification of metagenomic sequences
An example of how this effect can distort classification decisions is provided by the Parvoviridae. The relevant ICTV Study Group has recently produced a revised classification using a number of criteria, including sequence relatedness, host range and dependency on other viruses for replication functions (Cotmore et al., 2014) . This classification maintains the division of parvoviruses into two subfamilies, which corresponds with either vertebrate or insect host range, adds several new genera and reduces the number of species within each genus.
In generating this classification, the study group had to deal with the problem whereby viruses classified as Parvoviridae show substantial genetic heterogeneity between genera in gene content, order and orientation, and alignment of complete genome sequences is not possible. However, parts of the NS1 gene can be aligned in known conserved functional motifs (e.g. http://pfam.xfam.org/family/Parvo_ NS1) or using evolutionarily based algorithms such as MUSCLE (Edgar, 2004) . A phylogeny based on this alignment has separate branches for the two subfamilies inferred from host range, as well as bootstrap-supported clades for individual genera (Fig. 1) . The only incongruity, as noted by the study group, was the paraphyletic grouping of ambidensoviruses that remains unresolved.
In contrast, the distributions of pairwise distances within the Parvoviridae calculated by PASC from whole-genome sequences (Fig. 4) fail to represent consistently the subfamily, genus and species relationships that are evident from evolutionary analysis and biological considerations. In particular, these distance distributions do not represent the hierarchical division of the family into subfamilies and genera and, in many cases, depict pairwise distances between species (yellow bars) in the range of both intergenus and intra-species distances.
Saturation of substitutions and poor alignment are not the only reasons why phylogenetic relationships do not equate to consistent degrees of sequence divergence between taxa. Another important factor is variability in substitution rates between different lineages in a tree. This is well characterized in mammalian evolution (Hasegawa & Kishino, 1989) , where substitution rates of both nuclear and mitochondrial genes in different orders of mammals are influenced by their generation times and consequently the number of germ line replications (Nabholz et al., 2008) . For example, the synonymous substitution rate in the cytochrome C genes in the fastest evolving order (Rodentia) is 0.176 substitution site 21 Myr
21
, approximately 20 times faster than in Cetacea (average 0.010 substitution site 21 Myr 21 ). While the deepest branches in phylogenetic trees of mammalian genes correspond to those of different orders, descendent lineages show substantially different degrees of divergence from the tree root, a direct consequence of lineage-specific differences in substitution rates. For this reason, mammals cannot be classified into orders, genera and species simply from an analysis of sequence distances.
Rate variation is also a prominent feature of virus evolution, and models in which rate variation is permitted in maximum-likelihood reconstructions of virus phylogenies produce greater likelihoods than those based on strict clocks (Drummond et al., 2006) . Many biological factors could potentially influence substitution rates. Mean substitution rates in mammalian RNA viruses infecting epithelial cells are 30-fold higher than in those infecting neural tissue, a difference attributed to mean generation (replication cycle) time (Hicks & Duffy, 2014) . Other factors such as latency and transmission mode may also contribute to rate variation. For example, in the family Retroviridae, continuously replicating retroviruses such as HIV-1 show orders of magnitude greater substitution rates than human T-lymphotropic virus type 1 (HTLV-I) that replicates only on transmission; for most of its life cycle, the HTLV-1 genome is accurately copied by the host cell replication machinery as a provirus. Even lower rates of substitution are observed in germ line-integrated endogenous retroviruses that no longer replicate as a virus.
Other factors that influence substitution rate include cellular tropism (Hicks & Duffy, 2014) , transmission mode, population size and persistence (Duffy et al., 2008) , each of which can vary considerably within virus families or genera. As an example, the transmission of RNA viruses by arthropod vectors is associated with a reduced substitution rate (Jenkins et al., 2002) . This transmission mode is a feature of most members of the Flavivirus genus, but not in other genera within the Flaviviridae. The distinct ranges of sequence divergence observed in different genera (Fig. 2a) thus predict little or nothing about their likely distinct evolutionary timescales and histories. The disparity in substitution rates between different retrovirus genera that contain endogenous, intermediate (e.g. HTLV-I) or exogenous viruses (e.g. HIV-1) is likely to be even more extreme.
The impact for virus classification is that rate variation destroys any precise concordance between sequence divergence and taxonomic category. Over a given period, slowly and quickly evolving species may both diversify into phenotypically distinct species or genera, but with very different degrees of sequence evolution. This precludes assignment of a single divergence threshold for genus and species assignments.
Distance distributions are biased by data abundance
The shapes of distance distributions are dependent on the relative representation of sequences within each classification category. Under-represented viruses contribute little or nothing to overall distance distributions since their contributions are proportional to the square of their frequencies. Species or genera with only single sequences may therefore be effectively invisible in the distance distribution in families containing other taxa with large number of sequences.
This problem is apparent in the PASC analysis of the Parvoviridae, where the distance distribution for the virus family (Fig. 4c) is almost identical to that of the Parvovirinae subfamily (Fig. 4a) . In this case, there were only 15 densovirus species and far fewer examples within each compared with those in the 41 parvovirus species. Indeed, the distance distribution plotted with just five Parvovirinae genera (Bocaparvovirus, Protoparvovirus, Tetraparvovirus, Erythroparvovirus and Dependoparvovirus) is similarly almost indistinguishable from the whole-family dataset. The importance of this is that the somewhat different distribution of inter-species distances among densoviruses contributes little to the overall distribution and could lead to an erroneous species/genus threshold assignment were it not to be separately analysed. Of course, if the virus family had not already been classified using other criteria, this type of retrospective correction for unequal representation would be impossible. This danger of misleading representation and erroneous threshold assignments is avoided entirely by phylogeny-based classification methods where branching patterns may contribute to taxon assignments irrespective of how many sequences are included in each clade. As another example, the distribution of within-species distances by PASC analysis in the Flaviviridae is entirely determined by those in the Hepacivirus genus, while almost all inter-species divergence values are contributed by the Flavivirus genus. This creates a highly skewed representation of sequence distances within the Flaviviridae. Combined with the different degrees of divergence between and within members of each genus (Fig. 2a) , the distribution of pairwise distances depicted by PASC fails entirely to represent any discontinuities in the distribution of sequence distances that match the current taxon assignments within this virus family (Fig. 2b) .
In summary, the classification of viruses follows a generally Linnaean scheme where assignments into orders, families, subfamilies, genera and species are congruent with what we can infer from various analyses of virus evolutionary histories. Although sequence comparisons may play a role in developing robust classification schemes, they cannot be the only source of information for several reasons. First, virus taxonomy has a purpose, which is to facilitate the study of viruses and their hosts, so biological properties must be part of any classification scheme. Equally important is the problem that it is not possible to define consistent sequence distance thresholds that delineate taxonomic levels because divergence varies between different genes, between lineages and is affected by sampling bias and saturation effects.
Instead, imposing a rational number of man-made categories onto what in some cases is essentially a continuum of variability requires judgement and pragmatism to ensure its utility for the virology community. This requires not just an understanding of the genetics of particular viruses and the suitability of different genome regions for comparisons, but also a realization that taxon assignments provide a useful practical division of virus properties that are designed to assist studies of their biology and epidemiology.
How can metagenomic sequence data be classified?
The new techniques of deep or next-generation sequencing (NGS) continue to generate vast amounts of nucleotide sequence information on viruses, dwarfing the information that took many years to accumulate by conventional PCRor cloning-based strategies. This has greatly expanded our appreciation of the enormous diversity (and biomass) of viruses in the sea, soil, lakes and other habitats, particularly of DNA bacteriophages and novel viruses related to mimiviruses infecting eukaryotes (Culley et al., 2014; Kristensen et al., 2010; Labonté & Suttle, 2013) . In addition, there are many examples where NGS has led to important discoveries of new viruses, such as Merkel cell polyomavirus, Bas-Congo virus and Theiler's disease-associated virus in horses (Feng et al., 2008; Grard et al., 2012) .
However, despite these successes, metagenomic sequence data present specific challenges with respect to the classification of viruses.
What are metagomic sequences?
Although many metagenomic datasets are derived from environmental sampling (frequently sea, lake water and soil), the term 'metagenome' can simply mean viral sequences obtained by deep-sequencing methodologies. As examples, the PubMed search 'virus AND metagenomic' identified 579 papers, of which the first 10 to describe samples described sequences from tissues of Pacific starfish with unexplained wasting disease, bronchoalveolar lavage samples from transplant patients, Yellowstone lake water, shrew faeces, carrots, a diarrhoea sample from a Chinese child, Brazilian free-tailed bats, urban air filters in the USA, 700-year-old caribou faeces and human oropharyngeal samples (Adams et al., 2014; Cibulski et al., 2014; Hewson et al., 2014; Ng et al., 2014; Sasaki et al., 2014; Yolken et al., 2014; Young et al., 2014; Yu et al., 2014; Zhou et al., 2014) . This sheer diversity of sources would seem to preclude systematic recording of sample information that may contribute to their classification.
Technical deficiencies
Although methods for sequence assembly have improved substantially, allowing long sequences to be generated de novo from collections of short reads typically obtained by NGS, considerable problems often remain. In many cases genome sequences of de novo viruses generated by NGS are found to be incomplete, probably because of unevenness in sequencing depth across genomes, such as caused by DNA or RNA secondary structure at the ends of viral genomes.
In addition, assembly methods may potentially generate chimeric sequences through joining conserved regions of otherwise often divergent virus variants. This is particularly problematic in the analysis of environmental samples that may contain complex populations of related viruses, although the problem may partly be addressed in the future through the development of techniques that generate longer reads. Finally, NGS cannot link together sequences of different segments of multipartite viruses, and it is already apparent that these represent a substantial proportion of new animal and particularly plant and arthropod viruses.
Inability to detect novel virus families
The identification of assembled sequences from NGS studies as being of viral origin requires that one or more gene regions show detectable homology with sequences of known viruses. Thus, while NGS can readily generate new information on genetic diversity within previously classified groups, we often lack the means to characterize more divergent viruses that currently lie outside currently described virus families. Indeed, many of the currently unidentifiable sequences originally obtained in NGS studies have since turned out to have a viral origin with more sophisticated analysis methods (Mozar & Claverie, 2014; Ogilvie et al., 2013) . It is, however, noticeable that of all the new viruses identified by NGS in human and veterinary virus aetiological studies belong to existing virus families. This outcome may be more the result of our inability to recognize new viruses bioinformatically rather than that genuinely novel viruses do not exist.
Lack of information on host and other biological attributes
Most novel viral sequences obtained by NGS derive from environmental samples such as sea-water, and in such cases it is usually impossible to identify the virus host or obtain any biological or epidemiological information on them. This problem is shared even for viruses detected in samples from humans or animals collected from non-sterile sites. Thus, it is no great surprise that, even after excluding bacteriophages, most viral sequences in human or other animal faecal samples have a dietary origin, including plant viruses (particularly nanoviruses) and a range of viruses in meat (Cotten et al., 2014; Shan et al., 2011; Tamura et al., 2011; Zhang et al., 2014) . For such sequences, even basic information on host species that is normally used for virus classification is missing.
The urge to classify
There is no doubt that despite these considerations, there is an increasing impetus to provide a taxonomic framework for novel virus species identified in NGS studies. Newly developed sequencing methods provide increased read lengths that solve the majority of the current technical problems with assembly, while greater computational power will enable more extensive and intelligent motif searching to identify viral sequences in a greater proportion of the 'dark matter' than currently exists on public databases. However, whatever progress in made in this regard, sequences generated from environmental or non-sterile site sequencing will remain with little or no associated biological and epidemiological information.
Despite considerable discussion, no formal process has been developed by the ICTV to describe how metagenomic sequences might be assigned into the existing virus classification as they lack information normally required for standard taxonomy proposals. However, it is clear that the mass of new data greatly expands our knowledge of viral diversity and there is a clear justification to absorb these sequences in some way into the existing classification framework. Alternative approaches must therefore be considered for species, genus and perhaps family assignments into the existing ICTV classification. Given the vast numbers and diversity of sequences that are currently generated, particularly of bacteriophages and those with circovirus-like genomes (Roux et al., 2013) , it seems that any practical solution would have to bypass the detailed and often timeconsuming information gathering and formal taxonomic assignment procedure used for currently assigned viruses.
As a tentative solution to this problem, metagenomic sequences identifiable as members of a particular virus family through similarities in genome organization and sequence homology might be assigned to new genera or species based on separate grouping from existing taxa on phylogenetic analysis. This process would be assisted considerably by the availability of specific nucleic acid and amino acid sequence alignments of currently classified virus families by ICTV Study Groups. These alignments would be actively curated to ensure that they contained sequences of variants representative of each of the currently classified species and genera, and would be in regions considered by the relevant study group to be suitable for demonstrating evolutionary relationships at the appropriate taxon level. For example, the phylogeny of different genera in the Flaviviridae has to be based on helicase and RNA polymerase-encoding regions of the genome, as these are the only areas where sequences from all four genera are clearly homologous and alignable. In the Annelloviridae, an equivalent region might be the amino terminus of ORF1 (Biagini, 2009) . The inclusion of the relevant reference sequences and their alignment in informative regions would minimize the resources needed for the comparison and taxon assignments of metagenomic sequences.
Since only genotypic information is absolutely required for metagenomic assignments, the procedure for taxonomy proposals could be greatly simplified. Newly assigned species and genera analogous to those of currently classified viruses need not be formally named as no information equivalent to that used to form the names of sigla (such as pico-RNAviridae) of existing taxa exists for them. Simple numerical coding might, therefore, be more appropriate, such as metagenomic genus (MG)1 or metagenomic species (MS)3. These labels would identify each taxon uniquely, indicate clearly the taxonomic level of the assignment and make clear that their classification is genotypic only and, by definition, only assigned on the basis of analogy with existing virus genera and species. Nevertheless, even if non-contributory to classification, information from the samples from which metagenomic sequences were obtained might be recorded. This could include sample date and location and type of sample (e.g. sea-water, bat faeces, human respiratory section, etc.) that potentially contributes epidemiological and potentially biological information at a later date.
An entirely hypothetical example of such a system (Fig. 5) illustrates a possible future scenario. Perhaps in a future metagenomic survey, virus variants related to Hepeviridae, the virus family that includes the enterically transmitted hepatitis E virus, may be identified in groundwater or other environmental sources. Without any information on host, geographical distribution or virological properties, such sequences would be prime candidates for a simplified metagenomic assignment protocol. Sequences could be aligned to regions of the hepevirus genome used for genus or species assignments and provided by the Hepeviridae ICTV Study group (Smith et al., 2014) (Fig. 5a ). Based on the phylogenetic positions of the new sequences to existing classified hepeviruses, additional species in the existing Orthohepevirus and Piscihepevirus genera as well as additional genera could be identified (Fig. 5b ) and sequentially coded (such as Orthohepevirus MS1 or MG2S2 for a species in a new genus; Fig. 5c ). Such assignments need not be permanent and, should enough biological information accrue for a particular metagenomic taxon, it could be incorporated into a standard taxonomic proposal and formally assigned to the virus classification.
This scheme is presented in outline only since the methods for incorporation of metagenomic data are currently under active discussion by the ICTV, and there remain a large number of practicalities to resolve. However, it is clear that metagenomic sequence data have to be classified even if biological attributes are undetermined. Assignment procedures can be considerably simpler than current taxonomic proposals but, as this review highlights, they have to be consistent with evolutionary relationships and be based on informative regions of viral genomes on which the classification of existing taxa are based. Assignments based on automated distance methods applied generically to different virus families and orders are distorted by recombination, lineage rate variation, incomplete sampling and arbitrariness in taxon assignments. As the many examples provided indicate, they are unreliable as a primary classification tool, particularly in the assignment of the deeper taxonomic layers of genus and family. A system of parallel assignments of metagenomic genera and species based on phylogenetic relationships to existing taxa represents a potentially effective alternative strategy with which to catalogue in an accessible way the vast amount of information contained within metagenomic sequence datasets. Phylogenetic analysis of sequences from the alignment reveals relationships of novel variants with those currently assigned as genera and species. The original tree (black lines and boxes) shows the existing classification of Hepeviridae, while an updated tree with additional metagenomic sequences is indicated with red lines/boxes. (c) Metagenomic sequences are then sequentially coded (such as MG2S1 -metagenomic genus 2, species 1) based on phylogeny relationships. Note, this system is not a specific proposal for assignment and nomenclature and is presented for illustrative purposes only.
